Abstract: Knowledge of the spatial distribution of biofuel crops is an important criterion to determine the sustainability of biofuel energy production. Remotely sensed image analysis is a proven and effective tool for describing the spatial distribution of crops using vegetation characteristics. Increases in the number of options and availability of satellite sensors have expanded the horizon of choices of imagery sources for appropriate image acquisitions. The Thailand Earth Observation System (THEOS) satellite is one of the newest satellite sensors. The growing number of satellite sensors warrants their comparative evaluation and the standardization of data obtained from various sensors. This study conducted an inter-sensor comparison of the visible/near-infrared surface reflectance and Normalized Difference Vegetation Index (NDVI) data collected from the Landsat 5 Thematic Mapper (TM) and THEOS. The surface reflectance and the derived NDVI of the sensors were randomly obtained for two biofuel crops, namely, cassava and sugarcane. These crops had low values of visible surface reflectance, which were not significantly (p < 0.05) different. In contrast, the crops had high values of near-infrared surface reflectance that differed significantly (p > 0.05) between the crops. Strong linear relationships between the remote sensing products for the examined sensors were obtained for both cassava and sugarcane. The regression models that were developed can be used to compute the NDVI for THEOS using those determined from Landsat 5 TM and vice versa for the given 
Spectrometer (MERIS) sensors. Thenkabail [9] compared the visible and near-infrared wavelengths of IKONOS and Landsat 7 ETM+ and conducted an NDVI inter-sensor regression analysis for three distinct eco-regions of African rainforests and savannas. Their results indicate that the IKONOS visible and near-infrared wavelengths have a high degree of correlation with those from ETM+. Inter-sensor model equations relating IKONOS NDVI with ETM+ NDVI were also determined for multiple sensors over time. Miura et al. [10] compared the products from ASTER and MODIS sensors for the visible/near-infrared surface reflectance and spectral vegetation indices (VIs), namely, NDVI and the Enhanced Vegetation Index (EVI). The results show that the surface reflectance products and NDVI of the two sensors compared well at a global scale.
Though several studies are available for a variety of satellite sensors that have been applied to crop studies, there is no comparative work for the surface reflectance and NDVI between THEOS and Landsat 5 TM, especially for cassava and sugarcane [5] [6] [7] [8] [9] [10] [13] [14] [15] [16] . Cassava and sugarcane are agricultural crops that are increasingly used for biofuels in Thailand [17] . The Landsat 5 TM sensor was selected for comparison because the location and bandwidth of the visible and near-infrared channels are similar to those of THEOS followed advice of Hill et al. [6] and it is one of the most frequently used sensors for radiometric calibration [6, 8] and terrestrial applications [18] [19] [20] [21] . In addition, Landsat 5 TM was calibrated in 2003 and was further revised in 2007, based on the detectors' responses to pseudo-invariant desert sites and cross-calibration with ETM+ [22] . The important remote sensing products for the analysis of radiometric accuracy of a sensor are the surface reflectance and Normalized Difference Vegetation Index (NDVI) [5] [6] [7] [8] [9] [10] . Thus, this study was conducted with four main objectives: (a) to investigate the spectral characteristics of two biofuel crops (cassava and sugarcane); (b) to compare the surface reflectance and NDVI between Landsat 5 TM and THEOS; (c) to develop NDVI regression models between THEOS and Landsat 5 TM for multiple satellite sensors; and (d) to perform classification and spatial accuracy assessment. The results are expected to provide an alternate approach for the frequent monitoring of biofuel crops using the THEOS and Landsat 5 TM satellites. The study was conducted using data from two provinces of Thailand representing a wide range of cassava and sugarcane cultivations.
Study Areas
Two provinces of Thailand, Nakhon Ratchasima (14°58′20″N and 102°6′0″E) and Suphanburi (14°28′12″N and 100°7′48″E), with approximately 1,500-2,000 ha that are planted with cassava and sugarcane, comprised the study area ( Figure 1 ). The surface reflectance and NDVI of cassava were studied in Nakhon Ratchasima Province, whereas Suphanburi Province was considered for sugarcane. A total of sixty biofuel crop sites were sampled in Market Year (MY) 2008/09: thirty samples for cassava and thirty samples for sugarcane as depicted in Figure 1 .
Materials and Methods

Satellite Images
One THEOS and one Landsat 5 TM image were acquired for the same acquisition period in MY 2008/09 (Figure 2 ). The acquisition dates and characteristics of the images are listed in Tables 1 and 2 . 
Satellite Data Processing and Analysis
Images obtained from the THEOS and Landsat 5 TM sensors were corrected geometrically and atmospherically. Geometric correction dealt with the spatial distortions, whereas atmospheric correction removed the influences of scattering and the absorption of atmospheric molecules and aerosols on an object's reflectance.
In the geometric correction for inter-sensor comparison, the THEOS image was spatially re-sampled at a 15 m spatial resolution using the nearest neighborhood procedure and then set to the WGS-84 projection. Ground Control Points (GCPs) were selected on the image and on the topography map. Image rectification was based on a first-order polynomial transformation with an acceptable root mean square error (RMSE) of about 0.004. Then, the geometrically corrected THEOS image was used as a reference for the geometric correction of the Landsat 5 TM image. The Landsat 5 TM images were then spatially re-sampled at the THEOS spatial resolution. The same GCPs were selected on the THEOS and Landsat 5 TM images. Image rectification was based on a first-order polynomial transformation with an acceptable RMSE of about 0.004 [5] . Following geometric correction, the satellite images were processed using low pass filtering with a 3 × 3 kernel to solve for any discrepancies in the positions of sampling points from the Global Positioning System (GPS). The error from GPS measurements ranged from less than a meter to around 30 m and was adjusted accordingly [23] .
The atmospheric correction consisted of three steps. First, the atmospheric correction converted the digital numbers (DN) into a spectral radiance at a sensor's aperture (L λ ) using the sensor's gains. The gains of THEOS and Landsat 5 TM were given on their image header files and the at-sensor spectral radiances of THEOS for each band were calculated using the following equation. The spectral radiance at a sensor's aperture for each band of Landsat 5 TM was calculated using the following equation [22] : Table 4 . The second step of the atmospheric correction involved the conversion of spectral radiance at the sensor's aperture (L λ ) into the exo-atmospheric top-of-the-atmosphere (TOA) reflectance (ρ TOA ). This process reduces the scene-to-scene variability, also known as the in-band planetary albedo. The exo-atmospheric TOA reflectance of the earth was computed based on the following equation [22] :
where ρ Finally, in the last step of atmospheric correction, the exo-atmospheric TOA reflectance (ρ TOA ) was converted into surface reflectance (ρ λ ). The atmospheric code of the Second Simulation of the Satellite Signal in the Solar Spectrum (6S) model was selected for converting the exo-atmospheric TOA reflectance into surface reflectance. The input parameters of 6S include: (1) geometric conditions; (2) an atmospheric model for gaseous components; (3) an aerosol model (type and concentration); (4) spectral conditions; and (5) field reflectance (type and spectral variation). Based on the above mentioned input parameters, three atmospheric correction coefficients for each band were obtained from the 6S model. Moreover, the atmospheric code for 6S predicts the satellite signal between 0.25 and 4.0 µm, and assumes a cloudless atmosphere taking into account the main atmospheric effects of the absorption by water vapor, carbon dioxide, oxygen, and ozone, and the scattering by molecules and aerosols [25] . However, there was a limit to the use of 6S in this study because THEOS is a new sensor that is still not defined in the 6S code. Therefore, in this study, the 6S code was applied to THEOS by defining the spectral responses of the THEOS sensors as shown in Figure 3 [11] . The 6S modification is included in the Appendix. Following the 6S model, three coefficients were used for obtaining surface reflectance using the following equation: 
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Regressions Analysis and NDVI Computation
Empirical relationships between the surface reflectance in the visible/near-infrared bands and NDVI were developed and analysed for all sensors. Models were evaluated using coefficients of determination (R 2 ) and root mean square errors (RMSE). The NDVI computation typically uses surface reflectance in the red and near-infrared bands (Equation (5)) for Landsat 5 TM, and THEOS sensors:
where NIR is the surface reflectance in the near-infrared band, and R is the surface reflectance in the red band. 
Classification and Accuracy Assessment
The most widely adopted parametric classification algorithm is the maximum likelihood classifier (MLC) method [27] [28] [29] [30] . This method was employed to classify the satellite images. Fifty training points for each class were used for image classification. The existing knowledge of land use was identified by the land use map for MY 2008/09. The THEOS and Landsat 5 TM satellite images (Figure 2(a,b) ) for Nakhon Ratchasima Province (cassava site) were classified into six classes: water, forest, paddy field, sugarcane, and cassava. The satellite images (Figure 2(c,d) ) for Suphanburi province (sugarcane site) were classified into four classes: water, forest, bare land, and sugarcane. The accuracy assessment of map classification was identified by the overall accuracy, the user's and producer's accuracies, and the Kappa statistics, which are given in the form of an error matrix that can be used to derive a series of descriptive and analytical statistics [31, 32] .
Results and Discussions
The inter-sensor relationships are presented and discussed based on the data from the two study areas (Figure 1(a,b) ). The presents of spectral characteristics of the biofuel crops, a comparison of THEOS and Landsat 5 TM, Inter-sensor NDVI regression analysis for multiple satellite sensors, and classification and accuracy assessment are presented in the following subsections:
Spectral Characteristics of Biofuel Crops
The spectral characteristics of the two biofuel crops are plotted using the mean of the percent surface reflectance of the samples at the center wavelength of the visible and near-infrared bands of the THEOS and Landsat 5 TM satellite images ( Table 2 ). The surface reflectance of the biofuel crops, based on the satellite sensors, is normalized to surface reflectance using the 6S model. Normalization is necessary to account for the variations in sensor degradation, sun angle, and a host of other calibration factors listed in Tables 1-5 . The results show that the spectral characteristics of cassava and sugarcane were similar for both sensors (Figure 4) . Specifically, the reflectance was low in the visible region (THEOS: TH1, TH2, and TH3 bands; Landsat 5 TM: TM1, TM2, and TM3 bands), but high in the near-infrared (THEOS: TH4 band; Landsat 5 TM: TM4 band). The results are indicative of the spectral reflectance of vegetation that absorbs in the visible wavelengths (500-750 nm) and has reflectance in the near-infrared at 750-1,350 nm [33] . However, there was a minor difference in surface reflectance in the visible wavelength and a significant difference in the near-infrared wavelength between the two crops as indicated in Figure 4 . The noticeable difference in the surface reflectance of the near-infrared wavelength is useful for distinguishing the two types of biofuel crops. The difference between cassava and sugarcane in the surface reflectance of the near-infrared band of THEOS (~28%) was higher than that of Landsat 5 TM (~20%). As a consequence, THEOS can discriminate between cassava and sugarcane better than Landsat 5 TM because the spatial resolution of THEOS is higher than that of Landsat 5 TM.
Comparison of Landsat 5 TM and THEOS
Sixty surface reflectance samples were used to compare THEOS and Landsat 5 TM (Figure 1(a,b) ) results for the visible/near-infrared bands and NDVI of the two biofuel crop fields. Relationships between the THEOS and Landsat 5 TM surface reflectances for the visible/near-infrared bands and NDVI of the two biofuel crops were also established (Table 6 and Figure 5) .
The results indicated a strong relationship and positive association, where higher visible/nearinfrared and NDVI of THEOS correspond to higher visible/near-infrared and NDVI of Landsat 5 TM and lower visible/near-infrared and NDVI of THEOS correspond to lower visible/near-infrared and NDVI of Landsat 5 TM. Furthermore, the RMSE was also small significant difference between the visible/near-infrared and NDVI of THEOS and Landsat 5 TM in cassava and sugarcane. 
The results indicate that there is a strong relationship between THEOS and Landsat 5 TM surface reflectances of the visible/near-infrared bands and the NDVI of the two biofuel crops and that the results are similar to other inter-sensor studies on vegetation [6, 8] . Therefore, THEOS has a radiometric capability that corresponds with Landsat 5 TM for both cassava and sugarcane. Theoretically, the results should be verified for accuracy ground truth spectra along with the acquisition of images. However, because of the lack of ground truth spectra, Landsat 5 TM was used instead. 
Inter-Sensor NDVI Regression Analysis for Multiple Satellite Sensor Applications
These results indicated that the relationships between the THEOS and Landsat 5 TM for NDVI data for cassava and sugarcane had strong relationships as illustrated in the training data column of Table 7 . The R 2 obtained from the transformation of the lower spatial resolution to the higher spatial resolution were higher than that of the opposite transformation, but the RMSE trend is the reverse. Finally, the relationships of NDVI at the THEOS resolution (15 m) were better than at the Landsat 5 TM resolution (30 m). The intercept (a) and slope (b) coefficients (Table 8) can be used to convert the NDVI in one spatial resolution (NDVI Dependent ) into NDVI in another spatial resolution (NDVI Independent ) using Equation (6) . These results can help in combining data from both THEOS and Landsat 5 TM in case that data from one of them is not available due to various reasons. However, the regression coefficients obtained from such a generalization of inter-sensor relationship would vary, most likely, field-by-field, and even time-to-time.
For example, the values of Landsat 5 TM at 30 m resolution were re-sampled to THEOS 15 m resolution for cassava. Thus, the calculation is based on Equation (7):
where the THEOS and Landsat 5 TM subscripts denote sensor derived values for the THEOS and Landsat 5 TM sensors, respectively. The intercepts (a) and slopes (b) in Table 8 were validated using actual NDVI data for Landsat 5 TM and THEOS for cassava and sugarcane. The actual data was selected for testing data from the two study areas. The predicted NDVI from Landsat 5 TM and THEOS were computed using the intercept (a) and slope (b) coefficients from Table 8 instead of equations (6) for the same testing data for cassava and sugarcane. The results indicate the R 2 and RMSE testing data were not different from those of the training data ( Table 7 ). All of the R 2 indicate strong relationships, and the RMSE were very small. The evaluations depicting actual versus predicted NDVI values of Landsat 5 TM and THEOS have a high degree of reliability.
Classification and Accuracy Assessment
The spatial resolution capabilities of THEOS (15 m Figure 6 ). The LULC classification accuracy of THEOS at Nakhon Ratchasima Province (Cassava site) was 96% overall accuracy with a kappa coefficient of 0.95, while 93% accuracy and a 0.90 kappa coefficient was achieved by Landsat 5 TM (Tables 9 and 10 ). The LULC classification accuracy of THEOS at Suphanburi Province (sugarcane site) was 99% overall accuracy with a 0.99 kappa coefficient, while 96% overall accuracy and a 0.92 kappa coefficient was achieved using Landsat 5 TM (Tables 11 and 12 ). The results show that the THEOS images were capable of classifying and mapping the LULC with a higher overall accuracy and kappa coefficient than the Landsat 5 TM images. 
(c) (d) 5. Conclusions
The paper presents an inter-sensor comparison of Landsat 5 TM and THEOS for surface reflectance, NDVI including classification for cassava and sugarcane at various study sites in Thailand. It was confirmed that THEOS and Landsat 5 TM are strongly correlated and can serve to be an alternate data source to each other in case data from one is not available. The outcome of the study has established that: (a) The spectral characteristics of cassava and sugarcane were quite similar respectively from both sensors specifically in the visible wavelength. However, higher values were found in the near-infrared between the two crops where THEOS could offer slightly better discrimination between cassava and sugarcane than Landsat 5 TM. This study found that the differences in sensor degradations, especially regarding TM5 which has been operated far longer than its expected lifespan, may largely influence classification accuracies.
Since the original spatial resolution is different between the two sensors, there must be a fundamental difference even though this study conducted precise co-registration and re-sampling. This fundamental difference may influence the accuracies both in cross-calibration and classification. Moreover, the regression results may be different if one uses much coarser spatial resolution, since by doing so we expect much less influence from geometric accuracy.
Further studies are needed for other crops and landuse/landcover types for inter-sensor calibrations of radiometric, spatial, and temporal characteristics to overcome problems of data limitation due to cloud cover and revisit periods. 
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